Abstract. Epithelial-mesenchymal transition (EMT) is associated with the metastasis and poor prognosis of cervical cancer. However, the underlying mechanisms are poorly defined. In the present study, we investigated whether Twist plays a direct role in human cervical cancer using immunohistochemical and western blot analyses. Immunohistochemical analysis revealed that Twist is highly expressed in cervical cancer, which correlates with poor tumor pathological differentiation or lymph node metastasis (P<0.05). Depletion of Twist by stable shRNA-mediated knockdown decreased the migratory ability of cancer cell lines in vitro. Suppression or overexpression of Twist also resulted in an altered expression of the molecular mediators of EMT. Furthermore, exogenous TGF-β promoted EMT by upregulating the expression of Twist through the TGF-β/Smad3 pathway, and this effect was eliminated by Twist depletion in cancer cells as demonstrated in the in vitro study. The use of in vivo models revealed a decreased tumor proliferation potential in Twist-depleted cancer cells. The results suggested a novel function for Twist in the promotion of EMT via TGF-β/Smad3 signaling pathway. Thus, Twist constitutes a potential therapeutic target in human cervical cancer.
Introduction
Cervical cancer is the leading cause of cancer among women in the developing world and is the fourth most common cancer among women worldwide (1) . An estimated 266,000 deaths from cervical cancer worldwide were reported in 2012, accounting for 7.5% of all deaths associated with female cancer (2) . Although two prophylactic human papilloma virus (HPV) vaccines have been developed (3, 4) , protection is only limited for women infected with high-risk HPV. In addition, these vaccines are not accessible to the majority of women in devel oping countries due to their high cost (5) . In advanced disease, chemotherapy remains the only standard of care. Therefore, it is imperative to investigate the molecular pathways underlying the pathophysiology, and identify novel diagnostic and therapeutic targets.
The epithelial-mesenchymal transition (EMT) is a process in which epithelial cells modulate their phenotype and acquire mesenchymal-like properties. EMT is characterized by loss of cell-cell adhesion and apical-basal cell polarity, and elongated and increased cell motility. The resulting cells are capable of migration through the extracellular matrix and metastasis (6) . Epithelial tumor cells acquire the motility needed for invasion and migration to distant lesions by undergoing EMT (7, 8) . EMT is considered a crucial step in carcinoma progression and subsequent metastasis. EMT also confers resistance to anoikis, as well as immune surveillance (9) . Inhibition of EMT is a strategy for the prevention of metastasis. However, the underlying mechanisms of regulation are unclear.
Twist, which belongs to the family of basic helix-loop-helix proteins, is a basic DNA-binding domain that targets the consensus E-box sequence and a helix-loop-helix domain (14), prostate (15) , stomach (16) and cervical (17) cancers. However, the molecular mechanism of Twist-induced EMT in cervical cancer carcinogenesis remains to be investigated. In the present study, using in vitro and in vivo studies, we identified a critical role for Twist-induced eMT in cervical cancer mediated by the TGF-β/Smad3 signaling pathway. Immunohistochemistry. Tissue sections (4-µm) were processed for hematoxylin and eosin (H&e) staining or immunohistochemistry (IHC), as previously described (19) . The rabbit monoclonal antibodies to Twist (ab50581) were purchased from Abcam (Hong Kong, China). For evaluation of Twist expression, the sections were assessed for the intensity of staining (0-3) and the percentage of positively stained cells (0-3). The index of Twist expression was calculated as percentage x intensity of staining. Therefore, score 0 denoted negative (-), 1-3 weak positive (+), 4-6 positive (++) and 7-9 strong positive (+++) expression, and all samples positive (+) to (+++) were considered Twist-positive, as previously described (20) . The results were assessed by two pathologists who were blinded to the patients' background.
Twist induces epithelial-mesenchymal transition in cervical carcinogenesis by regulating the TGF-β/Smad3 signaling pathway

Materials and methods
Patients
Vector construction and lentiviral transduction. The human Twist gene (u1219; geneCopoeia, guangzhou, China) was cloned into pLV.eX3d.P/puro-eF1a> IReS/egFP using Gateway technology, according to the protocol (http://products.invitrogen.com/ivgn/product/12538120). Short hairpin RNAs (shRNAs) were inserted into the XhoI (D1094a) and HpaI (D1064a) (both from Takara, Dalian, China) sites of pLenti X1/puro. The shRna oligo sequences are provided in Table I .
Cell culture and lentiviral infections. Human Caski and HeLa cervical cancer cell lines were obtained from Shanghai Cell Bank of Chinese academy of Sciences and cultured with Dulbecco's modified eagle's medium (DMeM)/F12 (11030; Gibco, Auckland, New Zealand) supplemented with 10% fetal bovine serum (FBS) (16000-44; gibco-Life Technologies, Carlsbad, Ca, uSa). To generate the cell lines expressing shRNAs, Caski cells were infected with non-target (Mock) or Twist-specific shRna lentiviral particles as a viral supernatant in the presence of Polybrene (6 µg/ml, H9268; Sigma, St. Louis, Mo, uSa). The cells were treated with puromycin (2 µg/ml) to generate stable Twist knockdown clones. By contrast, HeLa cells were transduced with pLV.eX3d.P/puro-eF1a> IReS/ egFP (empty vector, Mock) or pLV.eX3d.P/puro-eF1a> Twist>IReS/egFP (Lenti-Twist) viral supernatant in the presence of 6 µg/ml Polybrene. Stable Twist overexpression cell lines were established using puromycin (2 µg/ml).
Western blotting. Cells were washed with phosphate-buffered saline (PBS) once and harvested in 10% SDS. The extracted proteins were separated by 12% SDS-polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were first blocked with 5% bovine serum albumin (BSa) in Tris-buffered saline and Tween-20 (TBST) and probed with the specific primary antibodies at room temperature for 1.5 h. After washing the membranes three times, the membranes were incubated with appropriate peroxidase-conjugated secondary antibodies for 1 h. The signals were detected using an enhanced chemiluminescence kit (GE Healthcare). The antibodies used included Twist (1:1,000; abcam), e-cadherin (1:1,000), e-cadherin (1:1,000), ZO-1 (1:1,000), N-cadherin (1:1,000), vimentin (1:1,000), Smad3 (1:500), p-Smad3 (1:500) (all from Cell Signaling Technology, Inc., Beverly, Ma, uSa) and gaPDH (1:1,000; epitomics, Burlingame, Ca, uSa) and peroxidaseconjugated anti-rabbit Igg secondary antibodies (1:5,000; Santa Cruz Biotechnology, Inc., Santa Cruz, Ca, uSa).
Migration and invasion assays. Cell migration and invasion were assessed using a 24-well Transwell plate with 8.0-µm pore polycarbonate membrane inserts according to the manufacturer's instructions (Corning, nY, uSa). The upper side of the membranes was coated with 100 µg Matrigel (BD Biosciences, San Jose, Ca, uSa) for the invasion assay, but not for the migration assay, and 1x10 5 cells/well (200 µl/chamber) were seeded into the top chamber in serum-free media and the lower chamber with 600 µl complete medium. The cells that invaded through the surface of the membrane were fixed with methanol and stained with crystal violet after 24 or 48 h. Non-invasive cells were scraped from the top of the Transwell plate with a cotton swab. The cells from five random microscopic fields per filter were selected for cell counting.
Recombinant human TGF-β1 treatment. TGF-β1 treatment was carried out by seeding 1x10 6 Caski (Mock) and 1x10 6 Caski (Twist-shRNA) cells onto each well of a 6-well plate and culturing in DMEM/F12 medium supplemented with 10% FBS overnight. The cells were treated with recombinant human TGF-β1 (Peprotech, Rocky Hill, nJ, uSa) in FBS-free medium at a concentration of 10 ng/ml. For the control, an equal volume of double-distilled water was added. The cells were collected after 48 h of treatment for protein extraction.
Xenograft tumor formation assays. Ten female BaLB/c nude (5 weeks of age) mice were obtained from The Chinese Academy of Sciences, Shanghai, China. The mice were housed under a laminar flow hood in an isolated room, according to a protocol approved by the Animal Care and use Committee of Shanghai Jiaotong university School of Medicine. Two stable cell lines (Caski Mock and Caski Twist shRNA-2) were harvested and resuspended at a density of 5x10 6 cells/200 µl of sterile saline. Mice (5/group) were injected in the subdermal space subcutaneously on the medial side of the neck with different cancer cells. Over the 4 weeks, the tumor volume was measured once a week until the end of the experiment. The tumor volume was calculated using the formula: largest diameter x smallest diameter 2 x 0.5. Tumor weight was determined after the animals were sacrificed 4 weeks after the tumor cell xenografts.
Statistical analysis. Statistical analyses were conducted using Statistical Package for the Social Sciences (SPSS) software version 17.0 (Chicago, IL, uSa). Data are presented as means ± standard deviations (SD). Measurement data were treated using an unpaired Student's t-test or one-way ANOVA for multiple comparisons. The χ 2 test for 2x2 tables was used to compare the categorical data. P<0.05 was considered to indicate a statistically significant result. 
Results
Twist is highly is expressed in cervical cancer associated with poor clinical outcome. The expression of Twist protein in SCC was analyzed by immunohistochemistry. The positiveTwist immunostaining of cells was diffused throughout the cytoplasm and also on the cell nucleus. There was no Twist expression in any of the 22 normal cervical tissues (0/22, 0%). Moderate and weak Twist immunoreactivity was found in CIn II-III (30/44, 68.18%) and CIn I tissues (9/22, 40.90%) (Fig. 1A-C, respectively) , while strong Twist immunoreactivity was observed in SCC (43/61, 70.49%) (Fig. 1D, Table II) .
The results also showed a significant correlation between a high Twist expression and tumor pathological differentiation or lymph node metastasis (P<0.05, Table III ). However, no significant association was found regarding patient age, FIgo staging and lymphovascular space involvement (LVSI), suggesting that a high Twist expression was associated with poor prognosis (P>0.05, Table III) .
Silencing Twist expression inhibits cell motility. RNA interference oligonucleotides (Twist shRNA-1 and Twist shRNA-2) which targeted Twist and non-target (Mock) were created and constructed into lentiviral vector. Caski cells were infected by viral supernatant and stable cell lines were established. using western blotting, the protein levels of Twist were found to be effectively suppressed by Twist shRNA (Fig. 2a and B) . In two shRna oligonucleotides, which were designed to target Twist, shRNA-2 exhibited the maximum inhibition efficiency of protein levels and was selected for subsequent studies. To examine whether the suppression of Twist inhibited the motility of cancer cells, we performed a Transwell migration assay to investigate the effects of Twist on the migratory behaviors of Caski cells in vitro. The results showed that cells in the Twist shRNA-2 group had a much lower penetration rate compared with cells in the Mock group (P<0.01) (Fig. 2C and D) . However, there was no significant difference between the wild-type and Mock groups.
Overexpression of Twist promotes cell migration and invasion.
To characterize the effects of Twist on the oncogenic behavior of cervical cancer cells, Lenti-Twist or pLV.eX3d.P-empty vector (Mock) was transfected into HeLa cells to establish stable cell lines with high levels of Twist expression ( Fig. 3a and B) . Results of the Transwell migration and invasion assay showed that HeLa cells in the Lenti-Twist group had a significantly higher penetration rate when compared with cells in the Mock and wild-type groups (P<0.05) (Fig. 3C and D) . However, there was no significant difference between wild-type and Mock groups.
Twist promotes EMT induction by regulating TGF-β/Smad3
signaling. A previous study revealed a mechanism of Twist promoting EMT in osteosarcoma cancer (21) . We examined the expression of EMT markers in two group of cervical cells. We observed an increased expression of E-cadherin and ZO-1, and a decreased expression of N-cadherin and vimentin in Twist shRNA-2 Caski cells (Fig. 4A) . However, the reverse trend was observed for Lenti-Twist HeLa cells (Fig. 4A) . These results suggested that Twist levels determined an EMT-associated 'cadherin switch' in the two cervical cancer cell lines. We investigated the role of Twist in the EMT of cervical cancer, by delivering Twist to regulate morphogenesis and EMT-marker expression in the presence or absence of TGF-β, a critical regulator of epithelial plasticity (22) . as shown in Fig. 4B , exogenous TgF-β promoted EMT by upregulating the expression of Twist via TGF-β/Smad3 response. The EMT induction was inhibited by Twist-shRNA in Caski cells (Fig. 4B) , which indicated that Twist controls EMT induction via TGF-β/Smad3 signaling. Furthermore, the rounded and compact nature of the HeLa cells reflected a transition from the keratinocyte-like morphology of the parental cells to a more differentiated spindle-like morphology, suggestive of a phenotypic transition from epithelial to mesenchymal morphology (Fig. 4C) .
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Suppression of Twist inhibits the tumor growth in vivo.
Animal studies were conducted to assess the effect of Twist on tumor growth in nude mice by injecting 5x10 6 cells/200 µl of sterile saline into the subdermal space subcutaneously on the medial side of the neck along with Caski, Mock and Twist shRNA-2 cells. After 4 weeks, the results demonstrated that the tumor volume in the shRNA-2 group was smaller than that in the Mock group (P<0.05) (Fig. 5a and B) . Tumor weight was determined after the animals were sacrificed at 4 weeks. The mean of tumor weight was identical to that of the mean of tumor volume (P<0.05) (Fig. 5C ).
Discussion
Despite advances in diagnostic and screening techniques and the availability of vaccines, cervical cancer remains the fourth main cause of cancer-related mortality in women worldwide. The molecular mechanisms in the progression of human cervical cancer including the oncogenes (23, 24) and tumor suppressor genes (25, 26) , and role of HPV (27, 28) have been previously investigated. Primary cervical cancers with an EMT phenotype show increased tumor progression, invasion, metastasis and distortion in epithelial integrity (29) . In the present study, using in vitro and in vivo study, we identify a critical role for Twist-induced EMT, which mediates cervical carcinogenesis by regulating the TGF-β/Smad3 signaling pathway.
Previous findings have demonstrated that Twist immunostaining in cervical cancer was associated with poor progres sion (20) , although the detailed mechanism remains to be determined. Recent findings (30) have suggested that the Twist2 protein levels were significantly higher in CIn and cervical cancer than in normal cervical squamous epithelial samples. Twist2 is considered the primary cause of EMT in cervical cancer. The increased rate of migration and invasion caused by Twist2 overexpression is greater than that caused by Twist1 (31) . We demonstrated that Twist staining was gradually increased from 0% in normal cervical squamous epithelial to 40.9% in CIn I, 68.18% in CIn II-III and 70.49% in cervical squamous cell carcinoma. The present study also confirms that Twist upregulation is associated with tumor pathological differentiation or lymph node metastasis (P<0.05). This finding indicates that Twist1 and Twist2 together are potential predictive indicators of cervical malignancy.
EMT is a biological process that involves the polarization of epithelial cells, which normally interact with the basement membrane via their basal surfaces. Polarization induces multiple biochemical changes that enable the cells to assume a mesenchymal cell phenotype (32) . EMT involves a loss of epithelial markers, such as E-cadherin, claudin, occludin, plakophillin, cytokeratin and desmoplakins, and a gain of mesenchymal markers, such as vimentin (Vim-1), SnaIL, N-cadherin, Zeb1 and Zeb2 (33) . An increased level of Twist is associated with an aberrant expression of E-cadherin (34) . our findings are consistent with those results in that inhibition of Twist significantly decreased the invasion of cancer cells, and Twist overexpression significantly increased migration and invasion of HeLa cells. We also observed an increased expression of E-cadherin and ZO-1, and a decreased expression of N-cadherin and vimentin in Twist knockdown Caski cells. However, the reverse trend was observed for Lenti-Twist HeLa cells. The results suggest that Twist levels determine an EMT-associated 'cadherin switch' in cervical cancer cell lines.
The tumor microenvironment is known to modulate the expression of oncogene in tumor cells and in other cell types (such as stromal fibroblasts) associated with tumors (35) . our in vivo experiments indicate that tumor volume and weight were significantly reduced by suppression of Twist, which is consistent with a recent study in Twist2 in breast cancer (36) . This finding is consistent with our results in vitro, and suggests that Twist overexpres sion facilitates tumor growth, while a reduced expression suppresses cervical cancer growth and development.
Mechanistically, the transforming growth factor-β (TGF-β) family has been known to play an important role in EMT induction during development and carcinogenesis (37) . In later stages of cervical carcinoma, the extracellular levels of TGF-β1 increase (38) . In the present study, we found that exogenous TGF-β promoted EMT by upregulating the expression of Twist through the TGF-β/Smad3 response. EMT induced by exogenous TGF-β was inhibited by Twist knockdown, which indicated that Twist controls EMT induction by regulating TGF-β/Smad3 signaling. It is also reported that TGF-β1 activates the MAPK, Wnt, TNF-α and NFκB pathways in cervical cancer cells (39) . Thus, further studies are required to delineate the regulation of Twist function and to elucidate the mechanisms underlying its oncogenic activities in cervical cancer.
In summary, our results show that Twist is highly expressed in cervical cancer, which is associated with poor clinical outcome. Twist induces EMT and facilitates cervical carcinogenesis by regulating the TGF-β/Smad3 signaling pathway, suggesting that Twist is a potentially new therapeutic target in cervical cancer. 
